Cystic fibrosis (CF) results from mutations that disrupt CF transmembrane conductance regulator (CFTR), an anion channel found mainly in apical membranes of epithelial cells. CF leads to chronic infection of the airways with normally innocuous bacteria and fungi. Hypotheses to explain the pathophysiology of CF airways have been difficult to test because mouse models of CF do not develop human-like airway disease. The recent production of pigs lacking CFTR and pigs expressing the most common CF-causing CFTR mutant, ΔF508, provide another model that might help clarify the pathophysiology of CF airway disease. Here, we studied individual submucosal glands from 1-day-old piglets in situ in explanted tracheas, using optical methods to monitor mucus secretion rates from multiple glands in parallel. Secretion rates from control piglets (WT and CFTR +/-) and piglets with CF-like disease (CFTR -/-and CFTR -/ΔF508 ) were measured under 5 conditions: unstimulated (to determine basal secretion), stimulated with forskolin, stimulated with carbachol, stimulated with substance P, and, as a test for synergy, stimulated with forskolin and a low concentration of carbachol. Glands from piglets with CF-like disease responded qualitatively to all agonists like glands from human patients with CF, producing virtually no fluid in response to stimulation with forskolin and substantially less in response to all other agonists except carbachol. These data are a step toward determining whether gland secretory defects contribute to CF airway disease.
Introduction
Mucus accumulation and obstruction of exocrine glands play important roles in the pathophysiology of patients with cystic fibrosis (CF; ref. 1) . Although multiple organs are involved in CF, most people with CF die as a result of lung disease. Yet the lung is not the most severely affected organ at birth, and, when infections are held at bay, nearly normal lung function can persist for decades. This places a high premium on understanding the pathogenesis of CF lung disease, because effective postnatal intervention greatly improves the quality and length of life. Therapeutic progress has been steady, but it may be accelerated if placed on a sounder mechanistic footing.
At present, the many competing hypotheses of CF lung pathogenesis cannot be tested rigorously; for that, we need an animal model that closely mimics human pathophysiology. For this reason, CF pigs were generated (2) based on evidence that they have many features required to model human CF airway disease (3) . The first studies of newborn animals suggest that CFTR -/-piglets indeed replicate many abnormalities seen in newborn humans with CF: their nasal epithelium exhibited defective chloride transport, and they showed structural evidence of exocrine pancreatic destruction, focal biliary cirrhosis, gallbladder disease, and meconium ileus (4) . In a small set of pigs with CF-like disease that survived for up to 6 months after their intestinal obstruction was bypassed, clear evidence was obtained for obstruction and infection of the airways (5) . Because meconium ileus in piglets with CF-like disease is severe, most of these animals must be euthanized shortly after birth, which limits longitudinal studies of pathogenesis and focuses attention on the nature of the airway innate defenses in the newborn CF-like airways. Tracheas of newborn piglets have defective innate defenses, as indicated by a reduced ability to eradicate instilled bacteria (5) . The nature of the defective innate defenses is not yet understood; altered gland secretion might play a role.
In humans with CF, the submucosal glands show profound deficiencies in fluid secretion in response to agonists that elevate intracellular cAMP concentration ([cAMP] i ) alone (6) or with modest increases in [Ca 2+ ] i (7, 8) , and less profound defects in response to agonists that strongly elevate [Ca 2+ ] i (9) (10) (11) (12) . The purpose of the present experiments was to quantify the mucus secretory responses of tracheal submucosal glands in newborn control piglets and piglets with CF-like disease for comparison with one another and with glands from control and CF humans.
Results
Our primary goal was to examine fluid secretory responses of airway glands from newborn control piglets and piglets with CF-like disease, prior to any changes in the latter that might be secondary to infection and inflammation that are invariably present in the study of human CF glands. To evaluate the role of CFTR in airway gland secretion of the CF pig model, we used in situ optical monitoring to measure individual airway gland secretion rates in isolated tracheal mucosa from control piglets (WT and heterozygous CFTR +/-) and from piglets with CF-like disease (CFTR -/ΔF508 and CFTR -/-; referred to herein as CF piglets) aged about 1 day. We first measured gland density by counting the number of secreting glands in a given area in response to carbachol, the most effective agonist. The density of secreting tracheal glands from 1-day-old control and CF piglets did not differ significantly: 11 ± 0.75 glands/mm 2 in control piglets (n = 8 [WT]; 2 [CFTR +/-]) and 10.1 ± 0.9 glands/mm 2 in CF piglets (n = 9; P = 0.17).
We recognized that the reduced secretion rates of CF glands might be attributed, at least in part, to a reduction in gland size. Indeed, Meyerholz et al. (13) recently estimated both gland density and gland volume in CF piglets and their WT littermates and found comparable gland density when counting duct openings per tracheal cross section and normalizing for the smaller tracheal circumference of the CF piglets. However, they found that submucosal gland tissue area was significantly reduced by 31%-37% in CF tracheal sections, depending on whether it was normalized to lumen circumference or to inner wall area (13) . Thus, gland numbers are the same in CF and control piglets, but individual gland volume is reduced in CF piglets at birth. In the present study, we report observed secretion rates in picoliters per minute per gland, but also use the intermediate value of 34% reduced gland volume to correct for the response rates in CF piglets (see below).
Average basal secretion rates were less than 3 pl/min/gland in all genotypes glands; n = 2-11). In human submucosal glands, the [cAMP] i -elevating agonists vasoactive intestinal peptide and forskolin (Fsk) stimulate mucus secretion in control, but not CF, tissues (6, 12) . Figure 1A shows mucus bubbles produced in tracheas of 1-day-old WT and CF piglets after 30 minutes of stimulation with 3 μM Fsk. Figure 1B shows the cumulative volumes of mucus secreted from individual submucosal glands in these same tracheas. The distributions of individual control and CF gland responses to 3 μM Fsk are shown in Figure 1C , and mean data for experiments with 9 control (n = 7 [WT]; 2 [CFTR +/-]) and 9 CF piglets are shown in Figure 1D . We presented data for individual glands so that the wide range of gland secretory rates can be appreciated. However, for tests of significance, we show the average of the mean rates for each animal; gland rates within animals varied much more than average rates across animals for all species we have tested (6, 14, 15) .
Mucus secretion rates for glands stimulated with 3 μM Fsk were 60.7 ± 10.3 pl/min/gland for WT (82 glands, n = 7) and 55.4 ± 47.2 pl/min/gland for CFTR +/-(22 glands, n = 2) piglets. Because we observed no significant difference between responses in the WT and CFTR +/-piglets, we combined the results into a single control group with a mean secretion rate of 59.5 ± 9.8 pl/min/gland (104 glands; n = 9). For CF piglets, the value was 1.5 ± 0.6 (107 glands, n = 9; P = 0.00023), and the size-corrected value was 1.9 ± 0.8 (sizecorrected P = 0.00025). Thus, the lack of responsiveness to Fsk of CF human glands (6, 12) was also seen in CF piglets. In human glands, the combination of low levels of [cAMP] iand [Ca 2+ ] i -elevating agonists produce synergistic secretion (i.e., secretion greater than the expected additive effect), but synergy was not observed in human CF glands (7) . To test for synergy in the piglets, we combined 0.1 μM carbachol with 3 μM Fsk (Figure 2, A-D) . Low concentrations of 0.05 or 0.1 μM carbachol alone did not induce gland secretion, but the combined agonists simulated mean secretion of 153.9 ± 34.1 pl/min/gland in control piglets (101 glands; n = 9) compared with 35.2 ± 7.5 pl/min/gland in CF piglets (110 glands, n = 9; P = 0.0072), with a size-corrected value of 47.2 ± 10.0 pl/min/gland (size-corrected P = 0.014). Thus, like humans (7), newborn CF piglets showed a substantially smaller synergistic response to the combined agonists. However, unlike humans, the piglets did not entirely lack a synergistic response, perhaps because the level of Fsk used in the present experiments was higher than that used in humans. Because synergy was observed in CFTR-null piglets, the response must be mediated by non-CFTR pathways. The limited availability of tissues precluded a parametric examination of synergy in the CF piglets.
Substance P (SubP) elevates [Ca 2+ ] i and stimulates secretion in both human (8) and pig glands (16), but is much more efficacious in pigs than in humans (8) . In human glands, the weak secretion produced by SubP is mainly CFTR dependent, because SubP produced almost no secretion in CF glands (8) . Because of these differences between humans and pigs in response to SubP, we were especially interested to study responses to SubP in CF piglets. The limited availability of tissues required us to test responses to SubP after prior exposure to Fsk and carbachol; therefore, residual effects of those agonists may have influenced the results. When tested in this way, 1 μM SubP increased secretion in both controls (147.2 ± 27.7 pl/min/gland; 49 glands, n = 4) and CF piglets (44.8 ± 15.1 pl/min/gland; size corrected, 60 ± 20.2 pl/min/gland; 48 glands, n = 5), but secretion in CF piglets was significantly reduced to about 30% of the control response (P = 0.014), with a size-corrected value of 41% of controls (size-corrected P = 0.027; Figure 3, A-D) .
Although this was a significant reduction, in CF humans, secretion to SubP is reduced to near 0 (8). We hypothesize that this difference is related to the greater efficacy of SubP as a [Ca 2+ ] i -elevating secretagogue in pig glands. SubP weakly elevates [Ca 2+ ] i in human gland serous cells, where secretion to SubP is CFTR dependent (8) . However, SubP is as efficacious as acetylcholine in adult pig glands (16) and approximately 10-fold more efficacious than in human glands (8) . Thus, the residual secretion to SubP in the CF piglets is probably occurring through Ca 2+ -activated Cl -channels (CaCCs). The reason for the greater efficacy of SubP in pigs has not been established. If the response to carbachol is taken as a standard, newborn piglets are less responsive to SubP than are older pigs. The ratio of secretion rate in response to carbachol/SubP is approximately 1:1 in adult pigs (17) , approximately 3:1 in newborn piglets (present study), and 10:1 in adult humans (8) . It will be interesting to see whether gland secretion in response to SubP becomes less CFTR dependent as CF piglets mature.
Acetylcholine is the most potent and efficacious agonist for gland secretion in humans and in most other species in which it has been tested. In humans with CF, cholinergic agonists produced secretion that was approximately half that of normal in young patients whose glands had not enlarged (11) , whereas in the enlarged glands obtained from CF lungs at the time of transplant, secretion rates were comparable to those of healthy controls (8) . In control piglets, 1 μM carbachol produced secretion levels approximately 2.7-fold those produced by 1 μM SubP (P = 0.008; Figure 3D and Figure 4D ). In CF piglets, secretion to carbachol appeared to be significantly reduced to 58% of controls (P = 0.038; Figure 4D ); however, when corrected for smaller gland size in CF piglets (see below), the difference was reduced to 78% of controls and was no longer significant. Figure 5 shows summary data with and without correction for the reduced volume of the CF glands measured by Meyerholz et al. (13) . After correcting for the smaller CF gland volume, differences between secretion rates of CF and control piglets remained significantly different in response to all mediators except carbachol (P = 0.26).
The reductions in CF relative to control piglet glands were ranked by decreasing magnitude as follows: Fsk (response almost eliminated), SubP, synergy of Fsk plus carbachol, and carbachol (not significantly reduced). The order of differences was essentially the same as that for human glands, except that SubP responses in normal human glands are much smaller than in pigs and are almost eliminated in human CF glands. We cannot yet make a quantitative comparison of synergy in human and piglet glands because the paradigms differed, with a much higher concentration of Fsk being used in the experiments with piglets. 
Discussion
Organ-specific consequences of CFTR mutations on fluid secretion can be attributed to the extent to which an organ depends upon CFTR or alternative pathways for anion secretion - which is sometimes, but not always related, to the stimulus pathway. Thus, in humans, CF intestinal secretion is lost to all mediators (18) (19) (20) , but in airway surface epithelium and submucosal glands, CaCCs exist, at least partly constituted from TMEM16A (21, 22) , and it is hypothesized that these can partially compensate for the loss of anion-mediated fluid secretion normally mediated by CFTR. Indeed, one current strategy to ameliorate CF airways disease is to accentuate secretion via these pathways (23) . An important point raised by our present results is that the relative roles of these pathways appear to be similar in pig and human airway glands. This is in marked contrast to the secretory properties of mouse tracheal glands, which rely overwhelmingly on CaCC pathways for secretion (24) .
Our results from CF piglets suggest that CFTR plays a similar role in mucus secretion from pig and human airway glands. This could be important, because innate defenses of the newborn CF tracheas are clearly defective (5) . What else do we need to know before we can understand whether glands play a significant role in CF lung disease? We certainly need to know more about how gland secretion is neurally controlled. Glands are richly innervated by neurons releasing multiple transmitters, and CFTR mediates different proportions of fluid secretion depending on which pathways are active, yet we know little about how these systems operate in vivo (25) . Nevertheless, it appears that fluid secretion was reduced in response to all mediators, although to different extents. We corrected for smaller gland size in order to assess the secretory potential of equivalently sized glands. However, the smaller gland size of the CF piglets will itself diminish the amount of mucus the glands secrete onto the airway surface (13) , so that the uncorrected secretory values are perhaps most relevant. What are the expected consequences of diminished gland secretion?
Extensive prior work on the properties of porcine airway submucosal gland secretion has been reported by Ballard and colleagues using isolated bronchial segments (26) . A theme of their studies is that when fluid secretion is decreased (as accomplished in their study by use of various anion transport inhibitors), the pig mucus becomes thicker, more tenacious, and harder to clear from glands and airways. This might hamper mechanical removal of organisms by mucus clearance. In addition, airway gland mucus contains abundant antimicrobials, and their bioavailability may be reduced if fluid secretion is not optimal (10, 27) . This occurs in the CF mouse intestine, where microbial-containing Paneth cell granules are not dispersed, and bacterial overgrowth occurs (28) . Also some antimicrobials rely specifically on CFTR for transport (29, 30) .
To our knowledge, it has not previously been possible to test the relative importance of various potential defects of mucosal innate defenses in human CF airways. Because CF pigs develop lung infections (5), new opportunities may be available to clarify the pathogenesis of CF lung disease. It remains to be determined to what extent the defective mucus secretion from submucosal glands of CF piglets contributes to defective airway innate defenses in CF.
Figure 5
Summary data for all 5 conditions. Inset shows basal secretion rates with expanded rate axis: control (white bars), CF (black bars), and CF corrected for decreased gland volume (CF-c; gray bars). *P < 0.05 vs. controls. P values for size-corrected CF data versus control were as follows: basal, P = 0.19; 3 μM Fsk, P < 0.0005; synergy of 3 μM Fsk and 0.1 μM carbachol, P < 0.05; 1 μM SubP, P < 0.05; 1 μM carbachol, P = 0.26. 
Methods

Piglet tracheas. All animal procedures were approved by the Institutional
Animal Care and Use Committees of the University of Iowa (Iowa City, Iowa, USA) and Stanford University. Piglets were offspring of CFTR +/-pigs made by homologous recombination in fibroblasts from outbred domestic pigs and subsequent somatic cell nuclear transfer (2) . Piglets were genotyped as described previously (4) . Piglets were euthanized within 24 hours, except for 1 WT and 1 CF animal euthanized on day 2. The tracheas were removed, and segments of at least 0.5 cm length were shipped by P.H. Karp (University of Iowa, Iowa City, Iowa, USA) in cold physiological saline containing 10 mM glucose. Some WT and CF tracheas were purchased from Exemplar Genetics and were treated identically. Whenever possible, WT, CFTR +/-, and CF samples from the same litter were shipped together, but there were enough instances when this was not possible to preclude the use of paired statistics. The interval between time of euthanasia and the start of physiological experiments was approximately 18-24 hours. A total of 21 piglet tracheas was used for these experiments: 9 WT (age, 1.2 ± 0.2 days), 2 CFTR +/-(age, 1 day), and 10 CF (8 CFTR -/-, 2 CFTR -/ΔF508 ; age, 1.1 ± 0.1 days).
Optical measurement of mucus secretion rates (mucus bubble method). Measurements were made as described previously (14) . In brief, a 0.5-cm 2 piece of mucosa from ventral trachea or bronchus with underlying glands was dissected from the cartilage and mounted at the bath/air interface of a chamber with serosa in the bath (pH 7.4, with approximately 290 mOsm Krebs-Ringer bicarbonate buffer containing glucose and 1 μM indomethacin to minimize prostaglandin release). The tissue surface was cleaned, dried, and layered with approximately 10 μl watersaturated mineral oil. Experiments were performed at 37°C; tissue was superfused with warmed, humidified 95% O2 and 5% CO2. Pharmacological agents were diluted to final concentrations with warmed, gassed bath solution and were added to the serosal side by complete bath replacement. Bubbles of mucus within the oil layer were visualized by oblique illumination, and digital images were captured with the macro lens of a Nikon digital camera or by mating a digital camera to one ocular of a Wild stereomicroscope. Stored images were analyzed by direct measurement or with ImageJ software (http://rsb.info.nih.gov/ij/). Mucous volumes were determined from the size of the spherical bubbles. Rates for the indicated drugs were calculated by averaging all secretion rates for each 5-minute interval over the whole exposed period (usually 30 minutes for each drug treatment). This slightly underestimates the true rate of secretion, because it includes an initial period before secretion reaches maximum.
The agonist addition protocol was designed to allow sequential testing of various mediators on the small amounts of tissues available. Considerations included: (a) a sufficient Fsk dose (3 μM) to produce reproducible gland stimulation in control and CFTR +/-airways; (b) a synergy paradigm that would make use of the 3-μM Fsk condition as well as a concentration of carbachol that did not produce gland secretion on its own (0.1 μM); and (c) a carbachol concentration of 1 instead of 10 μM to avoid rapid merging of mucus bubbles with adjacent ones. This was necessary because the density of tracheal glands in piglets is approximately 7-8 times higher than that in adult pigs (15) .
Gland density was measured by counting the number of mucus bubbles in a defined area after stimulation, taking care to avoid undercounting of merged bubbles, and expressed as number of glands per square millimeter. 3 areas under the oil-covered trachea were randomly selected (~3 mm 2 /trachea) and averaged for 10 control (total 30 mm 2 ) and 9 CF piglets (27 mm 2 ).
Reagents. Compounds (Sigma-Aldrich) were made fresh or maintained at -20°C as aliquots of stock solutions. Stock solutions of SubP, phosphoramidon (a protease inhibitor used together with SubP to prevent potential SubP breakdown), and carbachol were dissolved in sterile distilled water; indomethacin was in ethanol; and Fsk was in DMSO. Drugs in the gland secretion experiments were diluted 1:1,000 with bath solution immediately before use at the indicated concentrations. The highest DMSO concentration in our experiments was 0.1%.
Statistics. Data are shown as mean ± SEM, and Student's 2-tailed t test for unpaired data was used to compare the means of different treatment groups, unless otherwise indicated. The difference between the 2 means was considered significant for P values less than 0.05.
